The active ageing paradigm aims to contribute to the expectation of a long, autonomous, independent and healthy life. Ambient Assisted Living (AAL) promotes the development of technological solutions that might have a key role in not only the optimization of support services for older adults but also in the mitigation of their disabilities. This article presents a systematic literature review of how the impact of AAL technologies, products and services is being assessed in terms of its health-related outcomes. The main objective of this article is to contribute to the understanding of how state-of-the-art AAL solutions might influence the health conditions of older adults. The method used to conduct this systematic literature review followed the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). The results show that the reviewed articles report not only the use of technological assessment instruments but also instruments to measure health-related outcomes such as quality of life.
Introduction
Health and social care are facing extraordinary challenges due to the changing patterns of disease, the demanding expectations of patients, financial restrictions and an ever-increasing ageing population. It is estimated that the number of people aged 60 and over globally will increase from 900 million in 2015 to 1.4 billion by 2030 and 2.1 billion by 2050 [1] .
The World Health Assembly of the World Health Organization (WHO) defined a strategy and an action plan on ageing and health for 2016-2020, considering the active ageing paradigm. For this strategy and action plan, the WHO envisages a world in which everyone can live a long, autonomous, independent and healthy life [2] . In this context, it is widely agreed upon that the adoption of technological solutions is fundamental not only to the optimization of support services but also for the mitigation of disabilities; particularly those resulting from the natural ageing process.
Ambient Assisted Living (AAL) is one of the resources available and refers to intelligent technologies, products and services embedded in the physical environment and aimed at the support of older adults, promoting their autonomy, independence, safety, social participation and well-being [3] . Health conditions are influenced by factors distributed across different levels of impact that interact with each other continuously and in subtle ways [4] , namely physical (e.g., physical functions), mental (e.g., anxiety or depression), behavioral (e.g., medication adherence), social (e.g., activities and participation) and environmental (e.g., the support of relatives or access to health care and social services). For instance, the impact of a diet plan is influenced by an individual's health conditions as well as behavioral factors such as physical activity and environmental factors that either hinder or facilitate this physical activity.
Therefore, in addition to the measurement of clinical parameters, a broad range of other health-related outcomes linked to the major aspects of a person's life should be considered when measuring the experience of illness, such as their quality of life (i.e., personal well-being and satisfaction with life [5] ). These measurements are complex, as they are inherently subjective (i.e., most of them are directly reported by patient-patient report outcomes [6] ) and are focused on a person's daily life experiences; this means that technological solutions might have an important role in their optimization.
After years of research, innovation and development in the AAL field, there is still a lack of knowledge concerning the impact of the solutions being developed in terms of their health-related outcomes. This article presents a systematic literature review on how the impact of AAL technologies, products and services is being assessed in terms of health-related outcomes and its main objective is to contribute to the understanding of how assessment instruments to measure health-related outcomes are being used to evaluate state-of-the-art AAL solutions.
Materials and Methods
Considering the aforementioned objective, a systematic literature review was performed. This systematic review was informed by the following research questions:
• What AAL solutions reported in the literature to improve health conditions were evaluated in terms of health-related outcomes? • Does the literature present evidence on the impact of AAL solutions in terms of health-related outcomes? • What methods are being used to measure the impact of AAL solutions in terms of health-related outcomes?
To perform the systematic literature review, the authors defined a review protocol with explicit descriptions of the methods to be used and the steps to be taken. The protocol followed the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [7] and is briefly described in this section.
The resources chosen for the review were three general databases (Web of Science, Academic Search Complete and Science Direct) and two specific databases (PubMed, a medical-related database; and IEEE Explorer, a technological database). Two keywords were used without any language restriction: (i) 'Ambient Assisted Living', as this was the focus of this review; and (ii) 'Ambient Intelligence' (AmI), since AAL is one of its sub-areas.
The review was performed on 13 February 2017 and included all references published from 1 January 2007 (due to the fact that the European Union's Ambient Assisted Living Joint Programme was proposed in 2007 [8] ) until 31 December 2016.
In terms of inclusion and exclusion criteria, articles were included if they reported AAL or AmI solutions that might influence the health conditions of older adults and if they explicitly referred to health-related outcomes. Articles were excluded if they were not written in English, if they did not have abstracts, if they were prefaces, or if they reported on reviews, surveys or market studies.
After the removal of duplicates and articles without abstracts, the selection of the remainder of the articles was performed by two authors in three steps: (i) first, the authors assessed all titles and abstracts for relevance and those clearly not meeting the eligibility criteria were removed; (ii) the authors then assessed the full text of the remaining articles against the outlined inclusion and exclusion criteria and the final list of the articles to be considered for the review was created.
Throughout this entire process, any disagreement between the authors was discussed and resolved by consensus.
Concerning data extraction, the following information was registered in a data sheet prepared by the authors for each of the articles included in the review: (i) the demographics of the published work (i.e., authors, year or source of publication); (ii) the scope of the article; (iii) details of the research method used; (iv) the technologies being reported upon; (v) the problems solved by these technologies; (vi) the health-related outcomes that were measured and the respective measurement instruments; and (vii) the evidence of the impact of the AAL solutions being reported.
Finally, the main objective of the analysis stage was to answer the research questions mentioned above. To accomplish this, the included articles were classified into one of the following classes: (i) technologies; (ii) systems; and (iii) conceptual articles. The operational definitions used in this review for each of these classes were [3] :
• Technologies: studies that describe the structure and rules needed to make judgments about AAL systems and how to implement them; the hardware components required for the implementation of AAL systems; the technologies and methods used to model the situation of a person, a place or object considered relevant to the interaction between a user and a system; technologies and methods that enhance the effectiveness and usability of a system and its interfaces; or studies related to privacy and security challenges imposed by AAL implementations.
• Systems: practical AAL systems applied in a specified context and with a well-defined aim.
•
Conceptual articles: innovative concepts related to AAL or that may contribute to its development.
Furthermore, the full text of each retrieved article was analyzed in terms of the involvement of end users in the different development phases (e.g., functional requirements, validation or evaluation), as well as in terms of the importance of the health-related outcomes that were measured and the respective measurement instruments, in order to systematize the evidence on how the impact of AAL solutions on the health conditions of older adults is being assessed. Figure 1 presents the PRISMA flowchart of the systematic review reported in the present article. A total of 4787 articles was retrieved from the initial search of the selected databases. After applying the inclusion and exclusion criteria, 32 articles were selected. Table 1 presents the scope of the selected articles.
Results
The full texts of the 32 retrieved articles were classified considering the three areas previously defined (i.e., technologies, systems, and conceptual articles). As a result, 15 articles were classified as reporting on technologies, 16 were classified as reporting on systems and one article was classified as a conceptual article (Table 2) . Development of a medical teleconsulting application based on the IP Multimedia Subsystem (IMS). [11] 2011
Development and test of a real-time system based on a self-calibrated 3D time-of-flight camera to detect the falls of older adults. [12] 2016
Detection of a patient's emotional state by analyzing their physiological signals, facial expressions and behaviors.
[13] 2012 Application of the AAL paradigm to increase the quality of life of patients by developing novel devices and applications to enhance contact with their daily environments.
[14] 2014 Designing, deploying and testing an integrated home-based AAL system for older adults, consisting of ambient monitoring, behavior recognition and feedback to support self-management of wellness.
[15] 2008 Development of Geriatric Ambient Intelligence: an intelligent environment that integrates multi-agent systems, mobile devices, RFID, and Wi-Fi technologies to facilitate the management and control of geriatric residences, allowing case-based planning, the scheduling of functionalities and the facilitation of patient data. [16] 2009
Development of a tool to evaluate the quality of life of older adults based on kitchen activity extracted from data provided by appliances. [17] 2012
Use of biofeedback systems to measure, quantify and improve the quality of sleep.
[18] 2016 Development of a cloud-based integrated approach that enables robotic devices to seamlessly deploy robotic applications, relieving the robots themselves from computational burdens. [19] 2011
Design and evaluation of Aurama: a system to support the awareness of older adults living alone. [20] 2010
Overview of technical and other issues in extending at-home (@home) assistive technologies for older adults and disabled people.
[21] 2015 Presentation of a monitoring system, eWALL, that conforms Romanian healthcare regulations and the requirements of procedures for Chronic Obstructive Pulmonary Disease and Mild Dementia patients. [22] 2013
Monitoring platform based on 3D sensors for AAL services delivered in smart environments. [23] 2010
Design approach, considering not only tasks but also the immediate emotions or habits and behaviors of users. [24] 2009
Products developed in the European MyHeart Project that intends to perform heart monitoring using wearable garments and portable devices. [25] 2014
Nighttime support of people in the early stages of dementia. [26] 2015
Development of a generic infrastructure that manages distributed applications for home care. [27] 2016
AmI testbed, investigating the performance of OLSR and WEP in indoor environments, considering a Line-of-Sight scenario. [28] 2014
Application of context awareness and artificial intelligence to provide digested and objective information about the evolution of a person's quality of life. [29] 2010
Combination of type-2 fuzzy sets and ontology models for diet assessment. [30] 2013
The living environment as a pseudo robot, providing a non-invasive, self-learning, intelligent control system that constantly adapts to the requirements of individuals. [31] 2013
Development of the Complete Ambient Assisted Living eXperiment (CAALYX) system. [32] 2015 A Multi-Agent System (MAS) specifically designed to manage data from Wireless Sensor Networks deployed in a residential home for older adults. [33] 2014
Analysis of the technology acceptance and the effects of AAL on the quality of life of people at an advanced age living in assisted-living homes. [34] 2014
Association between permanently deployed ambient sensors as part of smart aware apartments and clinically validated health-condition questionnaires. 
Ref. Year Objective [35] 2009
The Service-oriented programmable smart environments for older Europeans (SOPRANO) and its technical components as part of a socio-technical system that models both the human and machine domains within a single conceptual framework.
[36] 2010 Analysis of an intelligent built environment by undertaking a complex analysis of micro, meso and macro environment factors affecting an intelligent built environment in order to present recommendations on how to increase efficiency and the ability to improve an inhabitant's quality of life.
[37] 2012 Development of a technological platform to support innovative care provision allowing remote health and physical monitoring as well as cognitive and behavioral assessment.
[38] 2014 Development and demonstration of the general feasibility, scientific or technical effectiveness, social or legal plausibility, and the acceptability by end-users of cooperating robots integrated with smart environments and acting in heterogeneous environments such as homes, condominiums and the outdoors.
[39] 2015 Biofeedback system to prevent inactivity (often associated with blue moods and depression, atrophy and a rapid decrease of the plasticity of the brain and the aging of neural cells).
[40] 2016 Development of a mechatronic system to withdraw patients from their beds for bathing and basic healthcare as well as the development of a Medical Care Terminal (MCT) to collect physiological data from the patient.
of AAL solutions on the health conditions of older adults is being assessed. Figure 1 presents the PRISMA flowchart of the systematic review reported in the present article. A total of 4787 articles was retrieved from the initial search of the selected databases. After applying the inclusion and exclusion criteria, 32 articles were selected. Table 1 presents the scope of the selected articles. [18, 19] The conceptual article [9] reports on how a combination of ambient features can be used to infer anxiety, poor sleep, depression and loneliness using linear discriminant classification and how a dynamic and holistic user-modeling could promote behavior change.
Results
The articles classified as technologies were related to architecture, user interfaces, sensor-networks and development methods. Examples of technologies that were reported include the use of internet-based technology services to develop medical teleconsulting applications [10] , the use of 3D range cameras for the detection of falls [11] or algorithms to detect a patient's emotional state by analyzing physiological signals, facial expressions and behavior [12] .
The articles classified as systems reported on home monitoring services, other health care applications, and applications to promote participation. For instance, the studies of Haritou et al. [13] and Doyle et al. [14] were classified as reporting on home monitoring services. Haritou et al. [13] presents a platform that is able to monitor vital signals and to perform cognitive and behavioral assessment, as well as being able to provide early detection of symptoms and the delivery of personalized care. As well as being classified as home monitoring services, the Doyle et al. [14] study presents an integrated AAL system consisting of ambient monitoring, behavior recognition and feedback to support self-management of wellness.
Examples of other health care applications are the studies of Corchado et al. [15] , Bono-Nuez et al. [16] and Hamdan et al. [17] . Corchado et al. [15] present an intelligent environment to facilitate the management and control of geriatric residences, allowing a case-based planning with scheduling functions and mechanisms to facilitate the acquisition and management of the patient's information. The studies of Bono-Nuez et al. [16] and Hamdan et al. [17] are related to the application of AAL to measure quality of life [16] and quality of sleep [17] .
Participation is the major concern of the studies of Tsardoulias et al. [18] and Dadlani et al. [19] . Tsardoulias et al. [18] report on the introduction of a socially interactive robot to physically assist and serve as a companion for older adults, while Dadlani et al. [19] report on a system designed to support the awareness of older adults living alone.
Among the 32 retrieved articles, four did not report evaluation procedures [20] [21] [22] [23] . The remainder of the articles report various general evaluation methods and particularly the involvement of end users (e.g., older adults, health professionals or informal caregivers) to collect information in several technological development phases (Table 3) : the specification of the requirements, conceptual validation (i.e., evaluating if an idea has sustainability and should be further developed) or a prototype test (i.e., an experiment conducted in a controlled environment) and pilot test (i.e., an experiment conducted in real life conditions). For the functional requirements phase, Dadlini et al. [19] referred to the use of a focus group and interviews with eight caregivers and seven older adults, while Doyle et al. [14] mentioned that data collected in this phase were very rich because the authors worked very closely with the residents of a nursing home to determine their needs. In terms of conceptual validation, several methods were reported. For instance, Corchado et al. [15] and Villalba et al. [24] validated personas and scenarios through interviews with experts and final users; Augusto et al. [25] referred to the use of avatars to simulate situations and stimulate discussion with experts.
Most of the articles reported the involvement of real users in the prototype phase. Only two articles [26, 27] report other strategies that did not include the involvement of real users: Armentia et al. [26] reported the use of scenarios and Obukata et al. [27] reported the use of simulations.
Almost half of the articles analyzed referred to the existence of a pilot [9, 13, 14, 18, 19, 24, [28] [29] [30] [31] [32] [33] [34] , while four articles [11, 16, 19, 35] mentioned that pilots would be conducted in the future.
All but six articles [10, [20] [21] [22] [23] 36, 37, 39 ] reported either prototype evaluation or pilot evaluation. The duration of the pilot evaluations in particular assumed a great importance. Table 4 therefore presents the duration of the reported prototypes and pilots. None of the articles refers to a duration of the prototype evaluation of greater than three months. The duration of the pilot is also greater than the duration of the prototype on average. Nevertheless, there were pilots with a duration of less than one month: Augusto et al. [25] reported that their evaluation pilot was conducted over only 11 days and Lee et al. [29] reported that the duration of their pilot was a period of 20 days.
Only two articles reported on pilot evaluations of longer than one year. Siegel et al. [33] conducted a pilot over 18 months and used several instruments to measure health-related outcomes, while Doyle et al. [14] developed an integrated home-based AAL system for adults consisting of ambient monitoring, behavior recognition and feedback to support the self-management of wellness, home security and home energy. This system was installed in 16 smart homes in Ireland in which older people have lived since 2010. Data from 2240 sensors were collected. Sensors were tested periodically and information about the performance of the system tested and health and wellbeing assessments were gathered through validated instruments.
A great variety of assessment instruments were reported. Table 5 presents the methods and instruments that were used during different development phases (i.e., the specification of requirements, conceptual validation, prototype test and pilot test). When analyzing the assessment of health-related outcomes, the following instruments were identified:
• Activities of Daily Living (ADL) instruments: instruments that measure the skills of a person in performing basic activities, such as activities related to independent living (i.e., self-care, dressing, eating or mobility) [ • De Jong scale: an instrument designed to assess emotional and social loneliness [53] .
• Pittsburgh Sleep Quality Index (PSQI): a self-rated questionnaire to assess sleep quality and disturbances [54] . Of all articles, ten referred the use of different instruments, of which six [12, 14, 18, 33, 34, 37 ] specified which instruments were used to measure health-related outcomes: depression (i.e., PHQ-9 [12] and CES-D [14, 34] ); mental conditions (i.e., MMSE [33] and MOCA [14, 34] ); general health status (i.e., EQ5D [33] and SF-36 [14, 34] ); ADL and IADL [37] ; physical condition (i.e., TUG [18] , Inverted L [18] and 10-min walking test [18] ); emotional and social loneliness (i.e., DE Jong scale [14, 34] ); hospital anxiety and depression (i.e., HADS [14, 34] ); sleep quality (i.e., PSQI [14, 34] ); and quality of life (i.e., WHOQOL-BREF [33] and WHOQOL-OLD [33, 37] ). Some articles referred to the use of instruments but did not specify which instruments were used [17, 25, 39] . Three articles referred to adaptations of existing instruments [19, 34] or the development of new ones [37] but did not refer to the validation process. Finally, one article [14] reported on the integration of validated instruments to measure health-related outcomes together with mechanisms for ambient monitoring and behaviour recognition to support the self-management of wellness.
Discussion
This systematic review aimed to identify how the impact of state-of-the-art AAL solutions is being assessed in terms of its health-related outcomes. Considering the retrieved articles, there is an equilibrium between studies focusing on the development of new technologies and studies focusing on the development and evaluation of user-centered services. This conclusion is slightly different from that of Queirós et al. [3] , who reported a concern in explaining the development of technological solutions rather than the development of services that could satisfy the real needs of older adults. Nevertheless, it appears that the main concern is still the development rather than evaluation of the impact of AAL solutions on the health conditions of older adults.
Concerning the first research question-"what AAL solutions being reported in the literature to improve health conditions were evaluated in terms of health-related outcomes?"-the results show that a considerable number of articles classified as systems report on home monitoring solutions. Within this group, some articles report on the development of platforms that are able to gather different types of data to infer patterns, emotions and health conditions [13, 14, 28, 34] . A smaller number of articles refer to specific health care applications: Bono-Nuez et al. [16] developed a tool to evaluate the quality of life of older adults and disabled people, Hamdan et al. [17] proposed a biofeedback system to measure the quantity and quality of sleep, while Fratu et al. [21] developed a supervising and monitoring system for chronic obstructive pulmonary disease and mild dementia patients. There is a more limited number of articles that refer to participation; these are related to the use of an interactive robot to assist with physical tasks and to serve as companion to older people [18] and an awareness system to support independent living and to give peace of mind to relatives [19] .
The results also show concerns related to the involvement of users in all of the developmental phases, which is an essential requirement when developing AAL solutions [55] .
Concerning the second research question-"does the literature present evidence of the impact of AAL solutions in terms of health-related outcomes?"-the results show that there are several articles referring to terms such as quality of life, well-being, health improvement, health or the promotion of health in the title or the abstract; however, a lower number of articles mention these terms in all sections or explain and describe the work related to these terms that has been done. It appears that these concepts are referred to in the initial sections or in the conclusion because they are important concepts related to AAL, or as a marketing strategy, but that they are not considered in the description of developments or in the presentation of results.
Since the retrieved articles are related to AAL applications in the healthcare domain, health-related outcomes including quality of life should be considered when evaluating these solutions. However, this review shows that many articles do not provide sufficient information on the evaluation methods and outcomes, particularly in terms of the impact of these solutions in the daily lives of their users. Out of 32 articles, only 7 refer to the application of instruments to measure health-related outcomes (Table 5 ). This was also referred to in the study of Siegel and Dorner [56] .
Furthermore, to understand the impact of the AAL solutions being developed, it is necessary to evaluate their use in real contexts and over long periods. For instance, it is important to understand if the results of the evaluation of a specific solution are influenced by the fact that the use of technology is new to the involved users or if the conditions in the environment are adequate for the use of the solution being evaluated. As presented in Table 4 , none of the articles report a prototype evaluation period of greater than three months and only one pilot is referred to as a clinical trial [33] . Furthermore, the authors of four articles [11, 16, 35, 38] did not implement a pilot and rather reported that they were planning to implement it in the future. This is in line with the eHealth Action Plan 2012-2020 [57] , which refers to the limited large-scale evidence of the cost-effectiveness of eHealth tools and services as one of the barriers to the deployment of eHealth.
Concerning the third research question-"what methods are being used to measure the impact of AAL solutions in terms of health-related outcomes?"- Table 5 presents the evaluation methods and instruments reported by the included articles. Despite the fact that different phases are mentioned in several articles, the results seem to show that there is a concern about using instruments related to the user and his/her health condition in addition to technological assessment instruments (e.g., usability evaluation). Several instruments to measure health-related outcomes are referred to in prototype and pilot phases. Stardoulias et al. [18] used instruments such as the TUG-an instrument to assess a person's functional mobility-or the 10-minute walking test-a measure of performance-in the prototype phase. Fernandez-Caballero et al. [12] used the PHQ-9-a clinical instrument to assess depression-in the prototype phase. Concerning the evaluation of the pilot, Bono-Nuez et al. [33] refer to the use of several instruments designed to measure health-related outcomes, such as MMSE, WHOQOL-BREF, WHOQOL-OLD and EQ5D-VAS. Doyle et al. [14] and Kealy et al. [34] also refer to instruments designed to measure health-related outcomes. These results suggest that there is an increasing interest in the evaluation of the impact of AAL solutions in terms of their health-related outcomes.
The results of this systematic review show that, while there are a large number of AAL solutions during the period being analyzed, as demonstrated by the initial number of articles collected (4787 articles), the number of retrieved articles for the purpose of this review is comparatively low (32) . The results seem to demonstrate that AAL developers are most concerned with systems and the involvement of real users in an attempt to cater to the needs of older adults. There also seems to be an interest in evaluating outcomes and comparing them with measurements of health-related outcomes. Nevertheless, many of the articles do not provide sufficient information on the assessment procedures to evaluate the impact of the AAL solutions in terms of their health-related outcomes.
Despite a high level of technological innovation and implementation, these results show that a considerable number of AAL developments aim for the design, development and evaluation of prototypes (i.e., proof-of-concept). In turn, when assessing the impact on the users, particularly in terms of health-related outcomes, there is a need for evidence with statistical significance to show that these new developments can make a difference and are cost-effective [58] .
Collecting this kind of evidence is only possible with large interventional field trials that require multidisciplinary collaboration and demand considerable resources to integrate new applications with daily care-delivery running over long periods and used by thousands of users including patients and care-providers [59] . These trials present demanding methodological, organizational and ethical challenges, since the involvement of older adults, some of them with disabilities, in a laboratory context is not straightforward; it is, however, even more difficult to monitor and interact with them in their home environments. The analysis of the duration of the experiments with real users (Table 4) makes evident the difficulty in conducting interventional trials that are able to provide the required significant evidence, as only two articles reported pilot evaluation durations above one year.
Conclusions
The aim of the active ageing paradigm is that everyone might live a healthy, autonomous, high-quality and independent life. Ambient Assisted Living (AAL) might contribute to the improvement of the health conditions of older adults through technological solutions. This article reviews how the impact of state-of-art AAL technologies, products and services is being measured in terms of their health-related outcomes.
The limitations of this work are related to the dependency on its keywords and the databases selected. Despite these limitations, the authors believe that the systematically-collected evidence contributes to the understanding of trends in the development of AAL technologies, products and services.
